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ABSTRACT
We report the discovery of large amplitude X-ray variability in the low luminosity AGN
(LLAGN) NGC 7589, and present possible observational evidence for accretion mode tran-
sition in this source. Long-term X-ray flux variations by a factor of more than 50 are found
using X-ray data obtained by Swift/XRT and XMM–Newton over 17 years. Results of long-term
monitoring data in the UV, optical and infrared bands over ∼ 20 years are also presented. The
Eddington ratio λEdd increased from 10−3 to ∼ 0.13, suggesting a transition of the accretion
flow from an ADAF to a standard thin accretion disc. Further evidence supporting the thin disc
in the high luminosity state is found by the detection of a significant soft X-ray component in
the X-ray spectrum. The temperature of this component (∼ 19+15−7 eV, fitted with a blackbody
model) is in agreement with the predicted temperature of the inner region for a thin disc around
a black hole (BH) with mass of ∼ 107M. These results may indicate that NGC 7589 had
experienced accretion mode transition over a timescale of a few years, suggesting the idea that
similar accretion processes are at work for massive black hole and black hole X-ray binaries.
Key words: X-rays: individual: NGC 7589 – galaxies: active – accretion, accretion discs
1 INTRODUCTION
It is believed that Active Galactic Nuclei (AGNs) are powered by
accreting material onto massive black holes (BHs) at the centre
of galaxies. Observational evidence of an optical thick, geometrical
thin standard accretion disc (hereafter thin disc, Shakura & Sunyaev
1973) has been found in themulti-band data of luminous AGNs (e.g.
Seyferts and QSOs). For instance, the big blue bump observed in
the spectral energy distribution (SEDs) of AGNs is explained as the
thermal radiation from the thin disc (e.g. Elvis et al. 1986; Czerny
& Elvis 1987; Shang et al. 2005). In addition, the broad Fe Kα
line, which is generally thought to originate from the inner region
of an accretion disc and broadened due to relativistic effects of the
central BH (Fabian et al. 1989, 2000), has been detected in the X-ray
spectra of some AGNs (e.g. Tanaka et al. 1995; de La Calle Pérez
et al. 2010), supporting the thin disc model with an inner radius
extended to a few gravitational radius (Rg = GM/c2) to the BH.
The high energy tail of the thermal radiation from the thin disc,
which can be modelled by a blackbody with temperature of several
tens of eV (depends on the BH mass), has also been discovered
in the X-ray spectra of some AGNs1 (Yuan et al. 2010; Sun et al.
2013; Shu et al. 2017). On the other hand, an optical thin radiation
? Contact e-mail: liuzhu@nao.cas.cn
1 However, the spectra in the soft X-ray band of the vast majority of AGN
show a component with a higher temperature (∼ 0.1 − 0.2 keV) than the
prediction of the thin disc – the so-called soft X-ray excess whose origin is
still under debate (e.g. Arnaud 1996; Gierliński & Done 2004)
inefficient accretion flow (RIAF) or advection dominated accretion
flow (ADAF, Narayan & Yi 1994; Abramowicz et al. 1995; Yuan &
Narayan 2014) has successfully explained the observed property of
low luminosity AGNs (e.g. LLAGNs and LINERs, Ho 2008) that
normally has very low accretion rates.
Theoretical calculation suggests that transition between differ-
ent accretion mode will take place once the accretion rate reaches
certain critical values (Meyer et al. 2000a). Evidence for accretion
mode transition has long been found in Galactic X-ray binaries
(XRBs), e.g. Zhang et al. (1997). In the high/soft state, a thermal
component with temperature of ∼ 1 keV seen in the soft X-ray band
is widely accepted as the thermal radiation from the thin disc.While
in the low/hard state, the hard X-ray spectrum are consistent with
the prediction fromADAF (e.g. Esin et al. 1997). Tentative evidence
for accretion mode transition has been reported in a few AGNs (e.g.
Quataert et al. 1999; Yuan & Narayan 2004; Xu & Cao 2009; Xie
et al. 2016). However, strong observational evidence for accretion
mode transition in individual AGN has not yet been found, though
it has been invoked to explain the large amplitude X-ray variability
in a few AGNs (e.g. NGC 7589 in Yuan et al. 2004, NGC7213 in
Xie et al. 2016) and changing-look AGN (Noda & Done 2018).
Observational evidence for accretion mode transition in AGNs
is important not only because it proves that the accretion theory can
be universally applied to stellar and supermassive BH–accretion
system, but also because it may yield important insights into many
yet unclear problems in AGNs. For instance, the expected SED
from various accretion models are dramatically different, thus ac-
cretion mode transition can potentially explain the changing-look
© 2018 The Authors
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phenomenon found in some AGNs (e.g. MacLeod et al. 2016; Ruan
et al. 2016; Yang et al. 2018). Noda & Done (2018) found that
the SED of the changing-look AGN Mrk 1018 is consistent with
typical Seyfert 1 AGNs in the high state, while it can be modelled
with ADAF in the low state. They thus proposed that accretion state
transition can explain the changing-look phenomenon in AGNs.
Moreover, such transition system can provide crucial clues, such as
the critical accretion rate and the transition time-scale, to improve
our understanding of the physical process that causes the transition.
NGC 7589, at a redshift of 0.0298, is optically classified as
Seyfert 1.9/LINERs and aLLAGNbased on theweak broadHα line,
and the BH mass is estimated to be ∼ 107M (Yuan et al. 2004).
Using the archival Einstein, ROSAT and XMM–Newton data, Yuan
et al. (2004) found that this source showed large amplitude X-ray
variability during the period from 1980 to 2001, i.e. the 0.5-2.4 keV
flux changed by a factor of 10 on a time-sale of months to years. The
lowest Eddington ratio2 (the 1995 ROSAT pointing observation)
for this source was conservatively estimated to be less than 10−4
(Yuan et al. 2004), suggesting that the source was accreting via the
RIAF/ADAF mode at its low luminosity state. While the accretion
mode was not clear in the relatively high luminosity state observed
in 2001 by XMM–Newton, the estimated accretion rate was about
a few percent, suggesting that the accretion may possibly be in a
transition state between RIAF and the thin disc. Yuan et al. (2004)
thus proposed that a transition of accretion state may have taken
place in NGC 7589 if the X-ray flux had ever reached a peak much
higher than the flux state observed in 2001. However, as noted by
the authors, a partial covering model which may also explain the
observed variability cannot be ruled out.
In this work, using all the new serendipitous X-ray observa-
tions of NGC 7589 from XMM–Newton and the X-ray telescope
(Burrows et al. 2005) onboard the Neil Gehrels Swift Observatory
(Swift/XRT), we show that indeed NGC 7589 can reach an even
higher flux than the 2001 ‘high’ luminosity state. A low luminosity
state comparable to the 1995 ROSAT observation was also detected
in the 2018 Swift/XRT observations. Results from the analysis of
the X-ray spectra and multi-band variability suggest that the large
amplitude variability is due to the change of intrinsic X-ray flux,
rather than (partial covering) obscuration, and may indicate that a
transition of accretionmode had taken place inNGC7589. Through-
out this paper, we adopted a flat ΛCDM cosmological model with
H0 = 69.3 km s−1, Ωm = 0.29 and ΩΛ = 0.71. All the quoted
uncertainties correspond to the 90 per cent confidence level for one
interesting parameter, unless specified otherwise.
2 MULTI-BAND DATA REDUCTION
NGC 7589 had been observed in X-ray band by Einstein in
1985, ROSAT in 1992 and 1995, XMM–Newton in 2001 June and
November, and 2006 June. It was also serendipitously observed by
Swift/XRT extensively from 2006 April till 2018 July. In this work,
only the X-ray data fromXMM–Newton and Swift/XRT observations
were analysed (please refer toYuan et al. 2004 for the data analysis of
X-ray observations taken before 2000). NGC 7589 is located in the
sky region covered by the SDSS Stripe 82 Survey. Optical and UV
observations were also frequently carried out by SDSS and GALEX
in the past decades, respectively. In this section, we described the
X-ray, optical, UV, and MIR multi-band data analysis.
2 λEdd= Lbol/LEdd, where LEdd = 1.3 × 1038(MBH/M) and Lbol is the
bolometric luminosity.
2.1 XMM–Newton
The Observation Data Files (ODF) were downloaded from the
XMM–Newton Science Archive. The ODFswere then reduced using
theXMM-Newton Science Analysis System (SAS) software (version
16.1, Gabriel et al. 2004). The SAS tasks emchain and epchain
were used to generate the event lists for the European Photon Imag-
ing Camera (EPIC) MOS (Turner et al. 2001) and pn (Strüder et al.
2001) detectors, respectively. High background flaring periods were
then identified and filtered from the event lists. A circular region
with radius of 32 and 35 arcsec was selected as the source region for
the two 2001 observations and the 2006 observations (the source
was much brighter and off-axis), respectively. For the background
region, an annulus (concentered with the source) with inner radius
of 40 arcsec and outer radius of 120 arcsec were chosen for the 2001
EPIC MOS observations, while an circular region with radius of
70 arcsec was selected for the EPIC pn data (only available for the
second 2001 XMM–Newton observation). We selected an annular
region with inner radius of 60 arcsec and outer radius of 140 arcsec
for the 2006 EPIC MOS1 observation. In the case of MOS2, an
annulus is impossible, thus a circle with radius of 100 arcsec was
chosen as the background region. The arfgen and rmfgen tasks
were used to generate the response files.
The OM data with the filter UVW1 were available for two
observations (obsID:0066950301, 0066950401). There are four ex-
posures (in total 2400 s) in the first observation and 10 exposures in
the second observations (total exposure time of 8000 s). The SAS
task omichain was used to generate the OM images. The photo-
metric measurements were performed for each exposure in the two
observations with the task omphotom. A circular region with radius
of 6 arcsec was selected for the source aperture, while an annulus
with inner radius of 9 and outer radius of 14 was chosen to esti-
mate the background. No significant variability was found within
each observation, thus the mean magnitude of all the exposures in
each observation was then used. The standard deviation was con-
sidered as the 1σ uncertainty. The details of all the XMM–Newton
observations can be found in Table 1.
2.2 Swift observations
NGC 7589 was serendipitously observed 56 times by the Swift/XRT
from 2006 to 2018. The light curve as well as the X-ray spectra
were generated using the XRT online data analysis tools3 (Evans
et al. 2009). The 3σ flux upper limits (assuming an absorbed power-
law model, see Section 3.2.1) were given for observations that the
source was not detected. NGC 7589 was in a low X-ray luminosity
state in 2018, resulted in low data quality of the X-ray spectra. To
increase the S/N, we generated one combined X-ray spectrum using
all the 2018 Swift/XRT observations. The details of the Swift/XRT
observations can be found in Table 1 (note that all the observations
taken in 2018 were combined and named as 2018 combined data).
The Swift/UVOT data were available for several obser-
vations (obsIDs: 00049538003, 00049538004, 00049538005,
00049538007, 00049538009, 00049538011, 00049538013,
00049538014, 00049538016). The source counts were extracted
from a circular region with radius of 5 arcsec, while a 15 arcsec
circle was choose as the background region. The task uvotsource
was used to perform photometric measurements. The filters and
exposure times in each observation can be found in Table 1.
3 http://www.swift.ac.uk/user_objects
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Table 1. XMM–Newton and Swift observation logs
Obs ID Obs date Exposure (s) Instrument Exposure (s) Optical/UV filters
XMM–Newton observations
0066950301 2001-06-03 7176/6961 M1/M2 2400 UVW1
0066950401 2001-11-28 2897/7506/7999 pn/M1/M2 8000 UVW1
0305600601 2006-06-14 15970/16020 M1/M2 — —
Swift observations
00035365001 2006-01-15 1730 XRT — —
00035365002 2006-04-29 401 XRT — —
00049538001 2013-01-22 928 XRT — —
00049538002 2013-04-28 2031 XRT — —
00049538003 2013-09-23 888 XRT 72/72/72/144/218/288 V/B/U/UVW1/UVM2/UVW2
00049538004 2014-09-01 341 XRT 340 UVW2
00049538005 2014-10-29 115 XRT 340 UVW1
00049538006 2015-01-21 702 XRT — —
00049538007 2015-09-21 356 XRT 349 UVM2
00049538008 2016-01-19 1596 XRT — —
00049538009 2016-01-20 3510 XRT 829 UVW1
— 2018 combined 25000 XRT 1138/1016/946/526 UVW2/UVM2/UVM2/UVM2
2.3 SDSS
NGC 7589 is located in the sky area covered by the SDSS Stripe 82
Survey, and was frequently observed in u, g, r, i, z bands with SDSS.
We searched in the SDSS Stripe 82 Sky Survey at the position of
NGC 7589 with a searching radius of 0.5 arcsec. This resulted in
a total of 77 observations. The measured photometric magnitudes
and observation time of the u, g, r, i, z bands for each individual
observation were obtained from the SDSS Stripe 82 Sky Survey
Database4. We noted that the contribution from host galaxy was not
subtracted.
2.4 GALEX
NGC 7589 was observed by Galaxy Evolution Explorer (GALEX)
11 times with a total exposure time of 8874 seconds in the NUV
band, and 8 times with 6886 second exposure time in the FUV band.
The gPhoton (Million et al. 2016a,b) Python package5 was adopted
to analyze the GALEX NUV and FUV data. Intensity maps were
generated for the two bands by running the gMap task, and were
then used to select the source and background regions. A circle
with radius of 7.4 arcsec, which excluded most of the radiation
from the host galaxy, was selected as the source region for both
NUV and FUV bands. An annulus with inner radius of 58 arcsec
and outer radius of 68 arcsec was chosen as the background region
for the FUV data. For the NUV data, a proper background region
without contamination from a nearby source was not possible (only
a concentered annulus background region is allowed in gPhoton).
Thus background subtraction was not applied for the NUV data. We
noted that this will not affect our conclusion on the NUV variability.
The gAperture task was then used to calculate the AB magnitudes
for both the NUV and FUV data.
2.5 WISE
TheWide-field Infrared Survey Explorer (WISE,Wright et al. 2010)
is a satellite that surveys the sky in mid-IR bands. We searched the
ALLWISE (Mainzer et al. 2011) and the NEOWISE Reactivation
data release catalogues (Mainzer et al. 2014) at the source position of
4 http://cas.sdss.org/stripe82/en
5 https://archive.stsci.edu/prepds/gphoton
NGC 7589 with a matching radius of 1 arcsec. This results in a total
of 22 and 119 single exposure observations from the ALLWISE and
NEOWISE, respectively. The W1 (3.4 µm) and W2 (4.6 µm) Vega
magnitudes (contribution from the host galaxy was not subtracted)
and uncertainties were obtained from the NASA/IPAC Infrared Sci-
ence Archive (IRSA)6.
3 RESULTS
3.1 X-ray variability
The long-term intrinsic 0.5–10 keV flux ( f0.5−10 keV) variability of
NGC 7589 is shown in the upper panel of Fig. 1. The f0.5−10 keV
were estimated by fitting the X-ray spectra with an absorbed power-
law model (see section 3.2) for observations of which NGC 7589
was detected. While the 3σ upper limits7, calculated using the
best-fitting parameters obtained by fitting the X-ray spectra of the
nearest detection, were given for observations that the source was
not detected.
From Fig. 1, it is clear that NGC 7589 showed large amplitude
X-ray variability on a time-scale of ∼ 10 years. For instance, the
highest observed X-ray luminosity (2006 April by Swift/XRT) is
more than 50 times higher than the lowestX-ray luminosity observed
in 1995 by ROSAT and 2018 by Swift/XRT. Flare-like variations,
over a time-scale of around half a year, were also found, e.g. one
at around 2001 June and the other one at 2006 April. During those
flaring phases, the X-ray luminosity changed by a factor of & 3.
We note that flaring-like X-ray variability with time-scale of a few
month may have also occurred in NGC 7589, as suggested from the
multi-band optical/UV data (see Section 3.3).
The fractional rms variability amplitude Fvar (e.g. Edelson
et al. 2002) is used to estimate the short-term (minutes to hours)
variability. It is given by:
Fvar =
√
S2 − σ2err
x¯2
,
6 https://irsa.ipac.caltech.edu
7 The upper limit of f0.5−10 keV for the ROSAT observation was roughly
estimated by extrapolate the 0.1-2.4 keV flux (see Yuan et al. 2004) assuming
a power-law with photon index of 1.68, i.e. the best-fitting photon index of
the 2001 June XMM–Newton observation.
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Table 2. Best-fitting parameters for the X-ray spectra.
Observation ID NH,host EGaussian/Tin Γ log f0.5−10 keV log L0.5−10 keV EWGaussian Cstat/d.o.f.
1022 cm2 keV/eV erg cm−2 s−1 erg s−1 eV
XMM-Newton
0066950301 < 0.03 6.46+0.10−0.10 1.68
+0.13
−0.08 −12.03+0.04−0.04 42.29+0.04−0.04 523+619−288 649.77/734
0066950401 < 0.05 — 1.73+0.17−0.10 −12.43+0.05−0.06 41.89+0.05−0.06 — 599.15/696
0305600601 < 0.01 6.43+0.05−0.05 1.79
+0.05
−0.05 −11.58+0.02−0.02 42.78+0.02−0.02 523+362−219 1086.11/1274
Swift/XRT
00035365002a < 0.05 — 1.31+0.48−0.47 −11.30+0.21−0.21 43.02+0.21−0.21 — 46.74/24
00035365002b < 0.65 19+15−7 1.03
+0.83
−0.77 −11.21+0.24−0.22 43.11+0.24−0.22 — 34.35/22
2018 combined < 0.27 — 1.07+0.67−0.53 −12.98+0.24−0.26 41.34+0.24−0.26 — 21.4/26
a: Fitted with the baseline model.
b: Fitted with the baseline model plus a blackbody component.
where x¯ is the mean counts rate, σ2err is the mean of the square of
the 1σ errors, S2 =
∑N
i=0(xi − x¯)/(N − 1) is the variance of the
counts rate.
We calculated the fractional rms variability amplitude for the
three XMM–Newton observations. No significant short-term vari-
ability is found in all the three observations, i.e. with Fvar less than
a few per cent.
3.2 X-ray spectral analysis
The X-ray spectra were analysed using Xspec (version 12.10, Ar-
naud 1996) with the Cash statistic (Cash 1979, wstat in Xspec).
The energy band above 8 keV is dominated by background, we thus
performed X-ray spectral modelling in the 0.3 − 8.0 keV energy
range for all the data. For each of the XMM-Newton observations,
we jointly fitted all the spectra available from the EPIC cameras.
A normalisation factor was thus added to account for the calibra-
tion differences between the instruments. Galactic and host galaxy
absorptions were included in all our analysis using the TBabs and
zTBabs model (Wilms et al. 2000, abundances are set to wilm in
Xspec). The column density of the Galactic absorption was fixed
at 3.84× 1020 cm−2 (Kalberla et al. 2005). We defined an absorbed
power-law model (TBabs*zTBabs*zpo in Xspec) as our baseline
model. In the following spectral analysis, we define three different
luminosity states (see the upper panel of Fig. 1): the high luminos-
ity state (L0.5−10 keV > 1043 erg s−1), the intermediate luminosity
state (1041.5 erg s−1< L0.5−10 keV < 1043 erg s−1), and the low lu-
minosity state (L0.5−10 keV < 1041.5 erg s−1). The two dot-dashed
grey lines in the upper panel of Fig. 1 mark the boundaries of the
three luminosity regimes. The Eddington ratios are calculated from
the 2–10 keV X-ray luminosity with a bolometric correction of 28
for the high and intermediate luminosity state, and 16 for the low
luminosity state (Ho 2008).
3.2.1 High luminosity state: the 2006 April Swift/XRT
observation
Swift/XRT observed NGC 7589 in its highest X-ray flux state
observed so far on 2006 April 30 (one snapshot in observation
00035365002). The signal-to-noise ratio (S/N) of the X-ray spec-
trum is low (total background subtracted photon counts: 29) due
to the short exposure time (412 second). The best-fitting photon
index is 1.31+0.48−0.47 when fitted with the baseline model. An upper
limit of 5 × 1020 cm−2 is estimated for the column density of the
host galaxy. A significant excess in the soft X-ray band is shown
in the ratio of data to the best-fitting baseline model (see the upper
and bottom panels of Fig. 2). We thus fitted the spectrum with the
baseline model plus a blackbody component. The likelihood ratio
test (lrt) method was adopted to estimate the significance of the
blackbody component. To perform the lrt, we simulated 10000
spectra using the best-fitting baseline model (fakeit inXspec). The
change in Cstat was then calculated by fitting the simulated spectra
using both the baseline model and the model consisting of the base-
line model and a blackbody component. The lrt result suggested
that the blackbody component is significantly detected at more than
3σ level (99.9 per cent). The best-fitting temperature of the black-
body component is 19+15−7 eV, while the best-fitting photon index
is 1.03+0.83−0.77. An upper limit of 6.5 × 1021 cm−2 can be given for
the host galaxy absorption. The predicted temperature of the inner
region of a thin disc, e.g. 3 − 5 RS, close to the innermost stable
circular orbit (ISCO), is ∼ 18 eV for a non-spin BH with mass of
107M and accretion rate of 0.1, consistent with the best-fitting
temperature of the blackbody component. The spectrum of a thin
disc can generally be described as a multicolour blackbody, rather
than a simple blackbody. We thus tried to fit the XRT spectrum
with the diskbb model. The best-fitting temperature (18+7−9 eV) is
consistent with that found in the simple blackbody model, though
the normalization of the diskbb model can not be well constrained
due to the low S/N and the narrow energy band. Simultaneously
multiband observation8 in the future could give a better constraint
on the parameters in the diskbb model.
For source with relatively low photon counts, the Swift/XRT
spectrum could be affected by residual hot pixels or bright earth,
both of which affect the low energy end of the spectrum (Andy
Beardmore, private communication). No hot pixels are reported by
the xrthotpix task, suggesting that the spectrum is not affected by
residual hot pixels. Evidence for bright earth is found in the 2006
April Swift/XRT observation (Obs. ID: 00035365002). However,
we note that NGC 7589 was observed in only one snapshot of this
observation during which no sign of significant contamination from
the bright earth was shown in the Swift/XRT image.
To further assess the potential contribution from bright earth
to the Swift/XRT spectrum, we extracted a Swift/XRT spectrum
with the grade 0 events only9. Except for the lowest energy bin
8 No Swift/UVOT observations during the high luminosity period in 2006
April.
9 At low energy range, genuine X-rays should be grade 0 events, so the
grade 0 and grade 0–12 spectra should look identical (Andy Beardmore,
private communication).
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Figure 1. Top panel: the intrinsic 0.5 − 10 keV band long-term X-ray light curve of NGC 7589. Black square: upper-limit estimated from 1995 ROSAT
observation; Royalblue triangles: the intrinsic flux was estimated by fitting the X-ray spectra of the three XMM–Newton observations; Orange circles: the flux
was estimated from X-ray spectra of XRT, 3σ upper limits were given based on a power-law model for non-detections. The two dash-dotted grey lines mark the
boundaries of the three luminosity regimes: high, intermediate, and low X-ray luminosity states, which are chosen as the λEdd of being 0.1, 0.001, respectively,
in this work. Bottom panel: the long-term optical (light blue circle for u band, and magenta circle for g band), GALEX/UV (lime hexagon: FUV, green hexagon:
NUV), Swift/UVOT (filled circles, red:V, blue: B, magenta: U, green: UVW1, light green: UVM2, olive: UVW2), XMM–Newton/OM (royalblue square: UVW1)
, and MIR (brown triangle for W1 and grey triangle forW2) light curves for NGC 7589.
(< 0.32 keV), which is slightly weaker (but still consistent within
uncertainty), no obviously difference was found comparing to the
grade 0–12 spectrum. A soft X-ray component which can be mod-
elled by a blackbody component with temperature consistent with
the value obtained from the grade 0–12 spectrum, is still detected
at 3σ confidence level. Those results indicate that the soft excess
shown in the 2006 April Swift/XRT spectrum is unlikely caused by
the bright earth.
3.2.2 Intermediate luminosity state: the 2001 and 2006
XMM-Newton observations
The X-ray spectra of the first and second XMM–Newton observa-
tions can be well fitted with the baseline model. The best-fitting
results are Γ = 1.68+0.13−0.08 and NH,host < 3 × 1020 cm−2 for the
first observation, Γ = 1.73+0.17−0.10 and NH,host < 5 × 1020 cm−2 for
the second observation, consistent with that reported in Yuan et al.
(2004). The unabsorbed 0.5–10 keV X-ray flux estimated using the
best-fitting baseline model for the first and second observations are
9.5 × 10−13 and 3.5 × 10−13 erg cm−2 s−1, respectively. Evidence
for an emission line profile at around 6.4 keV, which was not re-
ported in Yuan et al. (2004) due to the use of binned data, was
found in the first observation. We then fitted the X-ray spectra with
a model consisting of the baseline model and a Gaussian compo-
nent, i.e. TBabs*zTBabs*(zpo+zgau) in Xspec. The line width σ
of the Gaussian component was fixed at 1 eV, i.e. a narrow emis-
sion line. The best-fitting line energy of the emission line profile is
6.46+0.10−0.10 keV, consistent with the narrow neutral FeKα line that has
been ubiquitously found in the X-ray spectra of AGN (e.g. Nandra
et al. 2007; de La Calle Pérez et al. 2010). The equivalent width of
this line is EW = 523+619−288 eV. The best-fitting results can be found
in Table 2.
In 2006, XMM–Newton observed NGC 7589 in an even higher
X-ray luminosity state comparing to the twoXMM–Newton observa-
tions carried out in 2001. An emission line profile peaked at around
6.4 keV is clearly shown in the 2006 XMM–Newton spectra (see
upper and middle panels of Fig. 2). We thus fitted the X-ray spectra
with the baseline model plus a Gaussian component (line width
fixed at 1 eV). This model can fit the data well with the best-fitting
photon index of 1.79+0.05−0.05 and an upper limit of 1 × 1020 cm−2 for
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Figure 2. Top panel: the X-ray spectra of the 2006 XMM–Newton (black
circle, note that the combined MOS spectrum is shown in this plot) and the
2006 April Swift/XRT observations (grey square). The best-fitting models
for the two observations are shown as orange solid lines. The green dashed
line represents the absorbed power-law continuum, while the blackbody
component is shown as blue dashed line. The ratios of the data to the best-
fitting continuum for the two observation are shown in the middle (XMM–
Newton) and bottom panels (Swift/XRT). The vertical dashed line marks the
6.4 keV Fe Kα line in the observed frame.
the host galaxy absorption. The line energy is in agreement with
the neutral Fe Kα line, i.e. E = 6.43+0.05−0.05 keV, and the EW of the
line is 523+362−219 eV which is consistent with EW found in the the
2001 observation. The significance of this line is higher than 3σ as
inferred from the lrt method. Leaving the line width as a free pa-
rameter does not improve the fitting, and the best-fitting line width
is σ < 115 eV, suggesting a narrow neutral Fe Kα line. The EWs of
the narrow Fe Kα line, though with large uncertainties, are higher
than the typical value (∼ 100 eV, e.g. Shu et al. 2010) found in broad
line Seyfert galaxies , which may indicate a high Fe abundance or a
large covering factor of the torus.
A soft X-ray excess component is often detected in the X-ray
spectrum of AGNs (e.g. Arnaud et al. 1985; Gierliński & Done
2004). This component can normally be fitted with a blackbody
with temperature of ∼ 150 eV (e.g. Page et al. 2004; Gierliński &
Done 2004). The lrt method is used to test whether a soft X-ray
component is shown in the 2001 and 2006 XMM–Newton observa-
tions. We found that the soft X-ray component is not significantly
(less than 2σ) detected in the 2006 XMM–Newton observation. Ev-
idence for the soft X-ray excess was also not found in the 2001
XMM–Newton observations.
3.2.3 Low luminosity state: the 2018 Swift/XRT observations
As mentioned in section 3.1, the lowest X-ray flux was detected in
the 1995 ROSAT and the combined 2018 Swift/XRT observations.
Hereafter, we refer those observations as the low luminosity state.
The combined 2018 Swift/XRT spectrum, with a total exposure time
of 25 ks, can be fitted with the baseline model (see Table 2), though
with large uncertainties due to low S/N (26 net source counts in the
0.3–8 keV band). The column density of the host galaxy cannot be
well constrained, with a 90 per cent upper limit of 2.7× 1021 cm−2.
The best-fitting photon index is rather flat but with large uncertainty,
i.e. Γ = 1.07+0.67−0.53, which is still consistent with the photon index
estimated at the intermediate and high X-ray luminosity states (see
Section 3.2.2 and 3.2.1).
3.2.4 Alternative model: partial covering
Yuan et al. (2004) found that the X-ray spectra of the two 2001
XMM–Newton observations can also be well fitted with a partial
covering model (see their table 2). We also tried to fit the XMM–
Newton and Swift/XRT data with the partial covering model, i.e.
TBabs*TBpcf*zpo in xspec (or TBabs*zxipcf*zpo for ionized
partial covering model).
We first independently fitted the three XMM–Newton and the
2006 April XRT spectra. Both the column density and the covering
factor parameters cannot be constrained for the 2018XRT spectrum,
thus this observation was not fitted with the partial covering model.
We found that the (ionized) partial covering model can fit the X-
ray spectra. However, it does not improve the fitting significantly
comparing to the simple baseline model and some of the parameters
cannot be well constrained (only upper/lower limits can be given,
see Table 3).
If indeed the observed X-ray variability was due to partial
covering absorption, then we may expect that the intrinsic primary
emission did not change significantly throughout the years covering
all the X-ray observations. We thus fitted the three XMM–Newton
and the combined 2018 Swift/XRT observations10 simultaneously
with the partial covering model. The parameters in the power-law
model, i.e. the photon index Γ and the normalization, were linked
for the X-ray spectra of the four observations, while the column
density and the covering factor were fitted independently for each
individual observation. The best-fitting results of the joint spectral
analysis can be found in Table 3. The (ionized) partial covering
model can simultaneously fit the X-ray data well. However, the
inferred covering factors are relatively large, especially for the 2018
Swift/XRT observation of which a covering factor close to 1 is
required.
3.3 Variability in optical, UV and mid-infrared
In the bottompanel of Fig. 1,we also show the long-term light curves
in optical (light blue: SDSS u band, magenta: SDSS g bands), UV
(GALEX data, lime and green hexagon for FUV and NUV, respec-
tively), and mid-infrared (WISE, brown circle: W1, gray circle:
W2). Large variability with ∆m > 0.5mag is clearly seen in the
mid-infrared to optical/UV bands.
The long-term SDSS u and g bands light curves are shown in
10 The parameters cannot be constrained for the 2006 XRT data when
jointly fitted with all the other X-ray spectra. We thus did not include this
observation in our joint X-ray spectral analysis.
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Table 3. Best-fitting parameters for the partial covering model.
Model Observation ID Γ log f0.5−10 keV NH fcov log ξ Cstat/d.o.f.
erg cm−2 s−1 1022 cm2
Partial covering 0305600601 1.87+0.08−0.07 −11.46+0.16−0.10 20+63−15 0.30+0.20−0.20 1080.22/1273
0066950301 1.72+0.11−0.10 −11.75+1.38−0.24 58+362−52 0.50+0.49−0.20 653.49/735
0066950401 1.86+0.31−0.23 −12.42+0.07−0.06 < 0.4 < 0.6 598.37/695
0003456789 2.92+1.49−1.33 −10.71+0.86−0.55 5+6−2 > 0.54 42.36/23
Ionized partial covering 0305600601 1.75+0.06−0.06 −11.50+0.27−0.07 64+340−60 0.64+0.36−0.40 3.4+0.8−1.3 2357.90/2712
0066950301 1.70+0.14−0.12 −11.67+2.68−0.34 63+366−54 0.58+0.35−0.50 < 4.0 653.46/734
0066950401 1.63+0.12−0.11 −12.33+0.41−0.05 179+114−174 > 0.5 3.7+0.6−1.4 595.87/694
0003456789 2.51+2.33−0.99 −10.80+0.64−0.46 5+7−4 > 0.86 < 2.5 39.99/22
Joint fit the XMM–Newton and Swift/XRT observations
Partial covering 0305600601 1.77+0.05−0.04 −11.27+0.78−0.25 89+196−74 0.50+0.41−0.40 2377.40/2736
0066950301 — — 156+201−78 0.84
+0.13
−0.13
0066950401 — — > 219 0.93+0.06−0.05
2018–XRT — — > 107 0.99+0.01−0.01
Ionized partial covering 0305600601 1.72+0.04−0.04 −11.12+0.29−0.36 165+141−16 0.79+0.14−0.20 2.9+0.1−0.5 2368.01/2732
0066950301 — — 148+180−82 0.88
+0.06
−0.09 < 2.6
0066950401 — — > 56 0.95+0.03−0.08 < 1.9
2018–XRT — — > 87 0.99+0.01−0.01 < 2.7
the lower panel of Fig. 1. The light curve in the r , i, and z bands are
similar to the g band but with smaller amplitude of variability. From
Fig. 1, it is suggested that NGC7589was in a relatively lowflux state
before 2005. A ‘flaring-like’ profile, with a duration likely longer
than 3 months, can be seen in both the u and g bands during 2005-
2006. The source went into an intermediate flux state in 2006-2008
as inferred from the SDSS data.
The characteristic of the NUV and FUV data are consistent
with the optical light curve. As in the optical, the NUV and FUV
magnitudes of NGC 7589 were relatively low in the 2003 obser-
vation, while they increased to an intermediate level during 2006-
2008. In addition, a rapid rise (probably a flare) within 1.3 months is
clearly shown in the 2009 observations. The source went into a low
flux state in NUV in 2009. Weak variability (∆m < 0.2mag) are
also shown in the UV light curves measured from the Swift/UVOT
and XMM/OM. We caution here that such a small magnitude of
variability may caused by systematic uncertainties in the aperture
photometric measurements, especially for the Swift/UVOT mea-
surements of which the host galaxy may dominate the UV radiation
as the source was in a very low luminosity state during the obser-
vations.
The WISE W1 and W2 mid-infrared magnitude measured at
around the end of 2010 is about 0.2mag higher than that observed
half a year earlier. No significant variability is seen in the data taken
after 2014, which are ∼ 0.5mag dimmer than previous observa-
tions. Those data suggest that, though the sampling is not good due
to the lack of data from 2011 to 2014, a ‘flaring’ like profile is
probably also shown in the WISE W1 and W2 data. The W1 and
W2 magnitudes did not vary significantly after 2014, which may be
due to the fact that the radiation in the two bands were dominated
by the host galaxy.
The ‘averaged’ luminosity is 1.5 × 1041 erg s−1in 0.5–10 keV
band, as estimated from the measured narrow Hα luminosity using
the Hα–X-ray luminosity relation (Yuan et al. 2004). The long-term
multi-band light curves indicate that probably NGC 7589 normally
behaves like a LLAGN, and underwent several outbursts during the
last three decades.
4 DISCUSSION
Using only the 1995 ROSAT and 2001 XMM–Newton observations,
Yuan et al. (2004) suggested that the large X-ray amplitude, with
a change in X-ray flux by a factor of > 10, can be explained by
intrinsic variability, i.e. the change of accretion rate. However, a
partial covering mode can also explain the observed variability, and
cannot be ruled out. In this work, using more X-ray data including
new observations from XMM–Newton and Swift/XRT, we found
that the NGC 7589 can reach an even higher X-ray luminosity,
resulting in an increase in X-ray luminosity by a factor of more
than 50 comparing to the 1995 ROSAT and the 2018 Swift/XRT
observations. In addition, flare-like features are also shown in the
optical, UV, and MIR long-term light curves, suggesting that NGC
7589 underwent several ‘outburst’ in the past decades.
4.1 Intrinsic variability vs partial covering absorption
Those new X-ray observations and multi-band data allowed us to
further test the (ionized) partial covering scenario. In this scenario,
we assumed that the flux of the primary emission was the same
during different X-ray observations. We then jointly fitted the 2018
Swift/XRT observations (low luminosity state) with the 2001 and
2006 XMM–Newton observations (intermediate luminosity state).
The (ionized) partial covering model can fit the X-ray data well (see
Table 3). However, the inferred covering factors are relatively large,
especially for the 2018 Swift/XRT observation of which a covering
factor close to 1 is required. The result indicates that the primary
emission was nearly fully obscured by an approximately Compton-
thick absorber during the 2018 Swift/XRT observation. However,
this is at odds with the best-fitting results obtained by fitting the
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X-ray spectrum of the combined 2018 XRT observations with the
baselinemodel ofwhich no evidence for heavily absorption is found,
indicating that the primary emission is unlikely to be constant.
Further evidence against the partial covering model can be
found from the long-term MIR variability. As mentioned before,
NGC 7589 showed flare-like features in MIR bands (see Fig. 1
and Section 3.3). The MIR emission in AGN is believed to orig-
inate from the reprocessing of the primary emission (mainly the
UV/optical radiation11) by the dusty torus. In the partial cover-
ing scenario, the covering factor along the line-of-sight (LOS) can
change dramatically (thus cause the X-ray variability). However, the
global covering factor of the absorber (as well as the dusty torus)
is not expected to vary significantly. So the fraction of the primary
emission that will be reprocessed and re-radiated in the MIR band
by the dusty torus should not show large amplitude variability in a
relatively short time-scale. The significant variability found in the
MIR data of NGC 7589 is then not expected in the partial covering
scenario. Thus the large amplitude X-ray variability in NGC 7589
is unlikely caused by partial absorption.
As mentioned in Section 3.3, ‘flare-like’ features are also seen
in the long-term UV/optical light curve. The sudden increase of the
MIR flux in around 2011 was more likely to be attributed to the
echo of a burst in the UV/optical band. Evidence for MIR echos had
been found in the changing-look AGNs (e.g. Sheng et al. 2017), and
in the TDEs (e.g. Dou et al. 2016, 2017; Jiang et al. 2016, 2017).
We conclude that the observed multi-band variabilities were caused
by the change of the intrinsic radiation rather than partial covering
absorption.
4.2 Accretion mode transition in NGC 7589?
Theoretical calculation suggests that a transition in accretion mode
will occur once the accretion rate reaches the critical values (Meyer
et al. 2000a). Such a transition has been observed in Galactic XRBs
(Tanaka et al. 1995; Zhang et al. 1997). The predicted time-scale
for the accretion mode transition in AGN is much longer than that
in XRBs, making it difficult to find such a transition system among
AGNs. Conclusive evidence for accretion mode transition in AGN
has not been found yet.
NGC 7589 is spectroscopically classified as Seyfert 1.9 or
LINERS from the 2000 SDSS spectrum (see Yuan et al. 2004). In
the above subsection, we argue that the large amplitude X-ray vari-
ability was caused by the change of intrinsic radiation rather than
absorption. The unabsorbed intrinsic 2–10 keV X-ray luminosity in
the low luminosity state is then well below ∼ 1042 erg s−1, i.e. in
the LLAGN regime. Yuan et al. (2004) proposed that the accretion
proceeded via RIAF/ADAF during the low X-ray luminosity state
observed by ROSAT in 1995, and that the large X-ray amplitude,
with an increase by a factor of > 10 from the 1995 ROSAT to the
2001 XMM–Newton observations, can be explained by a transition
in accretion mode, i.e. from a RIAF/ADAF to a standard thin disc
or vice verse. During the 2001 XMM–Newton observations, the ac-
cretion flow in NGC 7589 was possibly in a transition state between
ADAF and thin disc. Yuan et al. (2004) also predicted that a transi-
tion to thin discmight have taken place if the flux could reach amuch
higher peak value than the 2001 XMM–Newton observations. In this
11 A positive correlation between the UV and X-ray flux is found in some
AGNs during the flare phase, e.g. NGC 1556 (Oknyansky et al. 2019) and
Mrk 335 (Gallo et al. 2018). Thus a flare in the X-ray band may also imply
a burst in the UV/optical band.
work, using latest X-ray data from XMM–Newton and Swift/XRT,
we found that NGC 7589 can indeed reach an even higher X-ray
flux, resulting in an increase in X-ray flux by a factor of more than
50.
NGC 7589 was in a high X-ray luminosity state during the
2006April Swift/XRT observation, with an estimated λEdd of∼ 0.13
(assuming aX-ray bolometric correction factor of 28, Ho 2008). The
estimated λEdd, which is > 100 times the λEdd found in the 1995
low luminosity state, is well beyond the critical values predicted by
theoretical calculation, indicating a thin disc mode in NGC 7589
during the 2006 April observation. Evidence for the emergence of
a thin disc is further supported from the X-ray spectral analysis. A
soft X-ray component which can be fitted with a blackbody model is
significantly detected in the 2006 April Swift/XRT spectrum. Unlike
the soft X-ray excess (normally has a temperature of ∼ 150 eV
when modelled with a blackbody) that commonly found in Seyfert
1 galaxies, the best-fitting temperature of this component, which
is ∼ 19+15−7 eV, is in agreement with the expected temperature of
the inner region of a thin disc with BH mass of ∼ 107M . Such
a component has been reported for only a few sources so far, e.g.
RXJ1643+49 (Yuan et al. 2010, see also Shu et al. 2017; Sun et al.
2013 for the other sources). We conclude that a transition from
ADAF to the thin disc had taken place in the 2006April observation.
NGC 7589 was observed to exhibit a low X-ray luminosity
state, i.e. comparable to the 1995 ROSAT observation, during the
2018 Swift/XRT observations. The λEdd is conservatively estimated
to be ∼ 10−3 (assuming a X-ray bolometric correction factor of 16,
Ho 2008) using the 2–10 keV luminosity measured from the com-
bined 2018 Swift/XRT observation. This may indicate an accretion
flow via ADAF, suggesting a transition from the thin disc to ADAF.
More evidences to support the accretion mode transition, such as
the broad band SED in the low luminosity state, the reflection spec-
trum, and the broad Fe Kα line, might be found in future X-ray and
multi-band observations with better data quality.
Our results may imply that accretion mode transition can in-
deed take place in AGN, supporting the idea proposed by Yuan et al.
(2004). It also proves the idea that the accretion theory can apply to
BH–accretion system across different BHmass scales. Future simul-
taneously multi-band observations of NGC 7589, especially optical
spectroscopic data, will potentially help us understanding some im-
portant but yet unclear questions in AGN, such as the long-term
variability of AGN (e.g Cao & Wang 2014) and the changing-look
AGN.
4.3 Transition time-scale
The physical mechanism of the state transition from the low state to
the high state (ADAF to thin disc) or vice versa (thin disc to ADAF)
could be understood in the framework of the disc evaporation model
(e.g. Liu et al. 1999; Meyer et al. 2000a,b; Liu & Taam 2009; Taam
et al. 2012; Qiao et al. 2013). The disc evaporation model predicts
an evaporation-curve, in which the evaporation rate increases with
decreasing the radius until a maximum evaporation rate ÛMmax is
reached and then the evaporation rate decreases with decreasing
the radius. So in the disc evaporation model, if the mass accretion
rate from the outer region of the disc is less than ÛMmax (∼ a few
percent of the Eddington accretion rate ÛMEdd = LEdd/c2, where
LEdd = 1.3 × 1038 MBH/M erg s−1), the disc will be truncated
at a radius where the mass accretion rate equals the evaporation
rate. From the truncation radius inwards, the accretion flow will be
existed in the form of the ADAF. Then the geometry of the accretion
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flow will be an inner ADAF plus an outer truncated disc. Such a
geometry of the accretion flow is often used to explain the spectral
features of the low state of black hole X-ray binaries (e.g. Esin et al.
1997) and low-luminosity AGNs (Ho 2008; Nemmen et al. 2011).
Whereas, if the mass accretion rate from the outer region of the
disc is greater than ÛMmax, the disc cannot be completely evaporated
at any radius, and the disc will extend down the ISCO of the black
hole. Such a geometry of the accretion flow is widely used to explain
the spectral features of the high state of black hole X-ray binaries
and luminous AGNs.
The time-scale of the state transitions might be helpful in un-
derstanding the physical process (e.g. the disc evaporation model)
for accretion mode transition. Assuming that the flare-like feature
showed in the multi-band data were due to the change of intrinsic
radiation, and a transition of accretion had taken place, we can then
roughly estimate the transition time-scales:
Low state to high state: the time-scale for the transition from
low state to the high state, or from ADAF to thin disc (hereafter,
tADAF→TD), estimated from the X-ray data alone is likely to be
several months to less than 4 years, as suggested from the 2001 and
2006 X-ray observations. More stringent constraints on this tran-
sition time-scale could be obtained from the optical and UV data.
As can be seen from Fig. 1, the variability time-scale is likely to
be longer than ∼ 2 months and shorter than ∼ 1 year estimated
from the optical (the raising phase in 2005) and NUV/FUV (the
raising phase of the UV flare in 2008) data. However, the relatively
small amplitude variability (∼ 0.5 mag) of those flares, comparing
to the X-ray variability and the decline phase of the 2008 NUV
flare (∼ 1mag), may indicate that the observations did not cover the
whole transition process, and/or the transition was not complete.
The transition time-scale tADAF→TD is then roughly estimated to be
a few years (< 4 years) by combing the X-ray and optical/UV data.
High state to low state: a time-scale of ∼ 12 years for the transition
from high state to low state, or from thin disc to ADAF (hereafter,
tTD→ADAF), can be inferred from the long-term X-ray variability
observed by Swift/XRT from 2006–2018. However, a much shorter
time-scale can be inferred from the NUV data. From the bottom
panel of Fig. 1, it is clear that the NUV flux peaked at around late
2008, then it gradually declined to a low flux state (comparable to
the lowest NUV flux detected in late 2003) till late 2009, proba-
ble implying a transition to the ADAF accretion flow. If this is the
case, then the transition time-scale tTD→ADAF could be as short as
∼ 1 year.
4.3.1 Transition from low state to high state
In the present work, initially when the source is in the low state,
the disc is suggested to be truncated at a radius of a few hundreds
of Schwarzschild radii as predicted by the disc evaporation model
(Taam et al. 2012). The disc component detected in the 2006 April
Swift/XRT observation suggests that the inner region of the accretion
disc extends probably to the ISCO. The time-scale of the transition
from the low state to the high state may correspond to the viscous
time-scale of the truncated disc extending down to the ISCO of
the black hole as the mass accretion rate in the disc exceeding
ÛMmax. Such a viscous time-scale τvis can generally be calculated
as τvis ∼ R/vR = R2/(αcsH) (Frank et al. 2002; Kato et al. 2008),
where α is the poorly known viscosity parameter; H is the scale
height of the accretion disc; vR and cs are the radial velocity and
the sound speed at radius R, respectively. Following Cao & Wang
(2014), we estimate the viscosity time-scale at a given truncation
radius Rtr using the following equation:
τvis ∼ Rtr
vR
=
R2tr
αcsH
= 1.56 × 10−7r3/2tr α−1
(
H
R
)−2 ( MBH
106M
)
yr,
(1)
where rtr = Rtr/Rg is the inner truncation radius (in units of gravi-
tational radius) of the accretion disc, while H/R is the disc height to
radius ratio which is normally less than 0.1 for a thin disc. By mod-
eling the SED of a sample of LLAGNs using an accretion-jet model,
Nemmen et al. (2011) suggested that the thin disk in LLAGNs is
truncated at 60 − 450 Rg. Assuming the disc is truncated at a few
hundreds Rg (e.g. 150 Rg) in NGC 7589, a H/R ∼ 0.05 is required
so that the predicted viscosity time-scale (4 years for a disc with
α = 0.5) matches with the estimated tADAF→TD (a few years) for
NGC 7589. Although such a large H/R is not expected in the thin
disc model (H/R should be ∼ 10−3), it can be obtained in the mag-
netic pressure supported accretion disc model proposed by (Dexter
& Begelman 2019). In this model, the disc is geometrically thick
at all luminosities which gives a viscous propagation time-scale as
short as a few years, consistent with the observed time-scale.
Alternatively, the thermal-viscous accretion disc instability
model (DIM) (Meyer & Meyer-Hofmeister 1981), which is caused
by the ionization of the hydrogen at the outer disc, has been suc-
cessfully explained the transient outbursts observed in X-ray bina-
ries and cataclysmic variables (CVs). DIM is proposed in (Noda &
Done 2018) as one possible explanation for the luminosity change
in Mrk 1018. In the DIM scenario, the jump of the temperature of
the outer disc, triggered by ionization disc instability when the outer
disc temperature is high enough to ionize hydrogen, will eventually
results in a heating front propagating inward, leading to an increase
in flux/luminosity. The time-scale is determined by the travelling
speed of this heating front, which is shorter than the viscous time-
scale by a factor ofH/R. However, as noted by (Noda&Done 2018)
(see also the simulations in Hameury et al. 2009), the time-scale
will still be too long to match the observed time-scale in NGC 7589
and Mrk 1018. A large H/R is still required to explain the observed
time-scale.
4.3.2 Transition from high state to low state
The transitional time-scale from the high state to the low state can
be estimated in the framework of the disc evaporation model as the
mass accretion rate decreasing just below ÛMmax. When the mass
accretion rate is just below ÛMmax, the disc will first be truncated
at a critical radius Rcrit corresponding to ÛMmax, leaving an inner
disc and an outer disc at the same time. The inner disc will be
completely swallowed into the black hole within the viscous time-
scale. Such a viscous time-scale (hereafter τdic) is related with the
critical truncation radius of the disc Rcrit, which can be from a
few tens to a few hundreds of Schwarzschild radii depending on
the viscosity parameter α, and the strength of the magnetic field
(Qian et al. 2007; Taam et al. 2012). The estimated τdisc could
be as short as ∼ 2 months for Rcrit = 20 Rg, assuming α = 0.3
and H/R = 0.05 (again, such a large H/R can be obtained in
the magnetic pressure supported disc model). Observationally, the
disc component shown in the 2006 April Swift/XRT observation
was not significantly detected (less than 2σ) in the XMM–Newton
observation carried out one and half month later. This time-scale
is consistent with the estimated τdisc for Rcrit = 20 Rg, indicating a
small critical truncation radius at ÛMmax for NGC7589. Herewe note
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that the α and H/R parameters can also have a large impact on the
viscosity time-scale.Amore preciselymeasurement of the transition
time-scale in the future may be helpful to roughly constrain these
parameters.
On the other hand, the inner radius of the outer disc (Rin,outer)
may move towards to a much larger radii from Rcrit as the mass ac-
cretion rate decreases, providing that the evaporation rate is higher
than the mass accretion rate at Rin,outer of the outer disc. Eventually
the outer disc will truncate at a radii (Rtr,outer) where the evaporation
rate equals to the mass accretion rate. If this is the case, then the
transition time-scale depends on not only the evaporation rate but
also the decline curve of the mass accretion rate, both of which are
subject to large uncertainties. Thus it is difficult to give a quantitate
estimation of the high state to low state transition time-scale from
the disc evaporation theory based on the current data of NGC 7589.
Nevertheless, we may be able to test the disc evaporation model
and constrain some of the key parameters in the model with bet-
ter sampled multi-band light curves and more precisely measured
transition time-scale in the future observations.
In the DIM scenario, the decrease in luminosity/flux can be
explained as the propagation of the cool front, which is triggered
when the temperature of the outer disc drops below 104 K, i.e. the
ionized disc becomes neutral. Again, similar to the time-scale for
the propagation of the heating front, a large H/R is required to
explain the observed decline time-scale.
4.4 The soft X-ray excess
The soft X-ray excess has been commonly found in the X-ray spectra
of AGNs. However, its origin is still unclear. The temperature of this
component, when modelled with thermal Comptonization model,
is ∼ 0.12 keV (Gierliński & Done 2004) which is much higher
than the predicted temperature of the accretion disc with BH mass
> 106 M but is consistent with thermal Comptonization of a warm
corona (Magdziarz et al. 1998). Evidence for a softX-ray component
originated from a thin accretion disc, however, has been found in
a few AGNs (Yuan et al. 2010; Sun et al. 2013; Shu et al. 2017).
The temperature of the soft X-ray excess in NGC 7589 is ∼ 19 eV
(modelled with a blackbody) in the high luminosity state (with
λEdd higher than 0.1), suggesting that this component was from
the accretion disc during the 2006 April Swift/XRT observation.
However, no significantly soft X-ray excess is detected in the 2001
(June and November) and 2006 (June) XMM–Newton observations
during which the source was in an intermediate luminosity state,
implying that the soft X-ray excess component could disappear
within two months in NGC 7589.
The property of the soft X-ray excess forNGC7589 is very sim-
ilar to the results reported in Noda & Done (2018) for the changing-
look AGNMrk 1018. The soft X-ray excess component inMrk 1018
also emerged in the bright state (λEdd > 0.02), and it disappeared
in the faint state (λEdd > 0.02). Unlike NGC 7589, the tempera-
ture of the soft X-ray component in the bright state in Mrk 1018 is
consistent with the Comptonization of a warm corona. While the
emergence and disappearing of the soft X-ray component in Mrk
1018 is explained as the increase and decrease of the size of thewarm
corona region (Noda & Done 2018), respectively, the non-detection
of the soft X-ray component in NGC 7589 in the intermediate state
can be explained by the truncation of the inner accretion disc under
the framework of the disc evaporation as discussed in Section 4.3.
Whether a warm corona has ever formed in NGC 7589 is unknown
due to the lack of observational data.
It is worth noting that the property of the soft X-ray excess
also changed within two months for Mrk 1018 as reported in (Noda
& Done 2018). These results indicate that the soft X-ray excess
in AGNs can be a transient phenomenon. The most impressive
evidence for the transition/variability of the soft X-ray excess com-
ponent came from the recently discovered quasi periodic eruptions
in GSN 069 (Miniutti et al. 2019, see also RX J1301.9+2747, Sun
et al. 2013; Miniutti et al. 2019). During the late 2018 to early 2019
X-ray observations, a cold soft X-ray component with temperature
of ∼ 50 eV is shown in the quiescent state of GSN 069, while a
warm soft X-ray component with temperature of ∼ 120 eV is found
at the peak of the eruptions which last for several kilo-seconds with
an recurrence time of ∼ 30 ks. Moreover, the cold component can
increase its temperature to ∼ 80 eV within one month. We note that
the physical mechanism that triggers the emergence of the warm
component and the transition between the cold and warm compo-
nents may be very different in GSN 069, as the time-scale is much
shorter than that observed in Mrk 1018 and NGC 7589. Neverthe-
less, these results indicate that there may be a diversity in the origin
of the soft X-ray excess. A detail temporal analysis of the soft X-ray
excess, on both short and long time-scales, may provide important
insights on the origin of the soft X-ray excess and the mechanism
triggering the accretion mode transition.
5 SUMMARY
In this paper, we report the discovery of large amplitude X-ray
variability, i.e. by a factor ofmore than 50, of the LLAGNNGC7589
using the archival X-ray data span several decades. The long-term
X-ray, optical, and UV variability (see Fig. 1) indicate that NGC
7589 may have undergone several outbursts in the past decades. A
detail analysis of the X-ray spectra in different X-ray luminosity
state, combining with the MIR variability, suggests that the large
amplitude X-ray variability is likely caused by the change of the
intrinsic X-ray flux, rather than due to the (partial) absorption.
Possible evidence for accretion mode transition in NGC 7589
is found by modelling the X-ray spectra at different luminosity state.
At low X-ray luminosity state (during the 2015 ROSAT and 2018
Swift/XRT observations), the λEdd is estimated to be less than a
few 10−3, implying accretion via ADAF. While λEdd increases by a
factor of 100, to ∼ 0.13, at the high luminosity state, suggesting a
thin accretion disc. Further evidence for a thin disc is supported by
the significant detection of a soft component in the X-ray spectrum
in the high luminosity state. The temperature (∼ 19+15−7 eV) of this
component is consistent with the predicted temperature of the inner
region of a thin disc around a ∼ 107M . The time-scales of the
accretion mode transitions are estimated to be several months to
∼ 1 years from the multi-band data. Our results may indicate that
the accretion mode transition can take place in AGN over a time-
scale of months to a few years. Future intensive multi-band monitor
of NGC 7589 can possibly give amuch better estimation of the time-
scales at different transition stage which may help us understanding
the physical process driven the accretion mode transition.
ACKNOWLEDGEMENTS
ZL thanks Dr. Andy Beardmore for pointing out the effect of the
bright earth on Swift/XRT data, Professor Bifang Liu, Dr. Fuguo
Xie, Dr. Chichuan Jin for helpful discussions and comments. This
work is supported by the Strategic Pioneer Program on Space Sci-
ence, Chinese Academy of Sciences, grant No. XDA15052100.
MNRAS 000, 1âĂŞ12 (2018)
Large Amplitude Variability in NGC 7589 11
WY and EQ acknowledge the support from the Strategic Priority
Research Program of the Chinese Academy of Sciences grant No.
XDB23040100. This work is also supported by the National Natu-
ral Science Foundation of China (grant no. 11673026, U1631238).
EQ acknowledges supports from National Natural Science Foun-
dation of China (grants no. 11773037). This work made use of
data supplied by the UK Swift Science Data Centre at the Uni-
versity of Leicester. This work is based on observation obtained
with XMM–Newton, an ESA science mission with instruments and
contributions directly fund by ESAMember States and NASA. This
publication makes use of data products from theWide-field Infrared
Survey Explorer, which is a joint project of the University of Cal-
ifornia, Los Angeles, and the Jet Propulsion Laboratory/California
Institute of Technology, and NEOWISE, which is a project of
the Jet Propulsion Laboratory/California Institute of Technology.
WISE and NEOWISE are funded by the National Aeronautics and
Space Administration. Funding for the SDSS and SDSS-II has been
provided by the Alfred P. Sloan Foundation, the Participating In-
stitutions, the National Science Foundation, the U.S. Department
of Energy, the National Aeronautics and Space Administration,
the Japanese Monbukagakusho, the Max Planck Society, and the
Higher Education Funding Council for England. The SDSS Web
Site is http://www.sdss.org. The SDSS is managed by the As-
trophysical Research Consortium for the Participating Institutions.
The Participating Institutions are the American Museum of Natural
History, Astrophysical Institute Potsdam, University of Basel, Uni-
versity of Cambridge, Case Western Reserve University, University
of Chicago, Drexel University, Fermilab, the Institute for Advanced
Study, the Japan Participation Group, Johns Hopkins University, the
Joint Institute for Nuclear Astrophysics, the Kavli Institute for Par-
ticle Astrophysics and Cosmology, the Korean Scientist Group, the
Chinese Academy of Sciences (LAMOST), Los Alamos National
Laboratory, the Max-Planck-Institute for Astronomy (MPIA), the
Max-Planck-Institute for Astrophysics (MPA), New Mexico State
University, Ohio State University, University of Pittsburgh, Univer-
sity of Portsmouth, Princeton University, the United States Naval
Observatory, and the University of Washington.
REFERENCES
Abramowicz M. A., Chen X., Kato S., Lasota J.-P., Regev O., 1995, ApJ,
438, L37
Arnaud K. A., 1996, Astronomical Data Analysis Software and Systems V,
101, 17
Arnaud K. A., et al., 1985, MNRAS, 217, 105
Burrows D. N., et al., 2005, Space Sci. Rev., 120, 165
Cao X., Wang J.-X., 2014, MNRAS, 444, L20
Cash W., 1979, ApJ, 228, 939
Czerny B., Elvis M., 1987, ApJ, 321, 305
Dexter J., Begelman M. C., 2019, MNRAS, 483, L17
Dou L., Wang T.-g., Jiang N., Yang C., Lyu J., Zhou H., 2016, ApJ, 832,
188
Dou L., Wang T., Yan L., Jiang N., Yang C., Cutri R. M., Mainzer A., Peng
B., 2017, ApJL, 841, L8
Edelson R., Turner T. J., Pounds K., Vaughan S., Markowitz A., Marshall
H., Dobbie P., Warwick R., 2002, ApJ, 568, 610
Elvis M., Green R. F., Bechtold J., Schmidt M., Neugebauer G., Soifer B. T.,
Matthews K., Fabbiano G., 1986, ApJ, 310, 291
Esin A. A., McClintock J. E., Narayan R., 1997, ApJ, 489, 865
Evans P. A., et al., 2009, MNRAS, 397, 1177
Fabian A. C., Rees M. J., Stella L., White N. E., 1989, MNRAS, 238, 729
Fabian A. C., Iwasawa K., Reynolds C. S., Young A. J., 2000, PASP, 112,
1145
Frank J., King A., Raine D. J., 2002, Accretion Power in Astrophysics: Third
Edition
Gabriel C., et al., 2004, Astronomical Data Analysis Software and Systems
(ADASS) XIII, 314, 759
Gallo L. C., Blue D. M., Grupe D., Komossa S., Wilkins D. R., 2018,
MNRAS, 478, 2557
Gierliński M., Done C., 2004, MNRAS, 349, L7
Hameury J. M., Viallet M., Lasota J. P., 2009, A&A, 496, 413
Ho L. C., 2008, Annual Review of A&A, 46, 475
Jiang N., Dou L., Wang T., Yang C., Lyu J., Zhou H., 2016, ApJ, 828, L14
Jiang N., et al., 2017, ApJ, 850, 63
Kalberla P. M. W., Burton W. B., Hartmann D., Arnal E. M., Bajaja E.,
Morras R., Pöppel W. G. L., 2005, A&A, 440, 775
Kato S., Fukue J., Mineshige S., 2008, Black-Hole Accretion Disks —
Towards a New Paradigm
Liu B. F., Taam R. E., 2009, ApJ, 707, 233
Liu B. F., Yuan W., Meyer F., Meyer-Hofmeister E., Xie G. Z., 1999, ApJ,
527, L17
MacLeod C. L., et al., 2016, MNRAS, 457, 389
Magdziarz P., Blaes O. M., Zdziarski A. A., Johnson W. N., Smith D. A.,
1998, MNRAS, 301, 179
Mainzer A., et al., 2011, ApJ, 731, 53
Mainzer A., et al., 2014, ApJ, 792, 30
Meyer F., Meyer-Hofmeister E., 1981, A&A, 104, L10
Meyer F., Liu B. F., Meyer-Hofmeister E., 2000a, A&A, 354, L67
Meyer F., Liu B. F., Meyer-Hofmeister E., 2000b, A&A, 361, 175
Million C. C., Fleming S.W., Shiao B., Loyd P., 2016a, Astrophysics Source
Code Library, p. ascl:1603.004
Million C., et al., 2016b, ApJ, 833, 292
Miniutti G., et al., 2019, Nature, 573, 1
Nandra K., O’Neill P. M., George I. M., Reeves J. N., 2007, MNRAS, 382,
194
Narayan R., Yi I., 1994, ApJ, 428, L13
Nemmen R., Storchi-Bergmann T., Eracleous M., 2011, arXiv e-prints, p.
arXiv:1112.4640
Noda H., Done C., 2018, MNRAS, 480, 3898
Oknyansky V. L., Winkler H., Tsygankov S. S., Lipunov V. M., Gorbovskoy
E. S., van Wyk F., Buckley D. A. H., Tyurina N. V., 2019, MNRAS,
483, 558
Page K. L., Schartel N., Turner M. J. L., O’Brien P. T., 2004, MNRAS, 352,
523
Qian L., Liu B. F., Wu X.-B., 2007, ApJ, 668, 1145
Qiao E., Liu B. F., Panessa F., Liu J. Y., 2013, ApJ, 777, 102
Quataert E., Di Matteo T., Narayan R., Ho L. C., 1999, ApJ, 525, L89
Ruan J. J., et al., 2016, ApJ, 826, 188
Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337
Shang Z., et al., 2005, ApJ, 619, 41
Sheng Z., Wang T., Jiang N., Yang C., Yan L., Dou L., Peng B., 2017, ApJL,
846, L7
Shu X. W., Yaqoob T., Wang J. X., 2010, ApJS, 187, 581
Shu X. W., Wang T. G., Jiang N., Wang J. X., Sun L. M., Zhou H. Y., 2017,
ApJ, 837, 3
Strüder L., et al., 2001, A&A, 365, L18
Sun L., Shu X., Wang T., 2013, ApJ, 768, 167
Taam R. E., Liu B. F., Yuan W., Qiao E., 2012, ApJ, 759, 65
Tanaka Y., et al., 1995, Nature, 375, 659
Turner M. J. L., et al., 2001, A&A, 365, L27
Wilms J., Allen A., McCray R., 2000, ApJ, 542, 914
Wright E. L., et al., 2010, AJ, 140, 1868
Xie F.-G., Zdziarski A. A., Ma R., Yang Q.-X., 2016, MNRAS, 463, 2287
Xu Y.-D., Cao X.-W., 2009, Research in A&A, 9, 401
Yang Q., et al., 2018, ApJ, 862, 109
Yuan F., Narayan R., 2004, ApJ, 612, 724
Yuan F., Narayan R., 2014, Annual Review of A&A, 52, 529
YuanW., Komossa S., Xu D., Osborne J. P., WatsonM. G., McMahon R. G.,
2004, MNRAS, 353, L29
Yuan W., Liu B. F., Zhou H., Wang T. G., 2010, ApJ, 723, 508
MNRAS 000, 1âĂŞ12 (2018)
12 Z. Liu
Zhang S. N., Cui W., Harmon B. A., Paciesas W. S., Remillard R. E., van
Paradijs J., 1997, ApJ, 477, L95
de La Calle Pérez I., et al., 2010, A&A, 524, A50
This paper has been typeset from a TEX/LATEX file prepared by the author.
MNRAS 000, 1âĂŞ12 (2018)
